We have cloned two distinct mouse heat shock transcription factor genes, mHSF1 and mHSF2. The mHSF1 and mHSF2 open reading frames are similar in size, containing 503 and 517 amino acids, respectively. Although mHSFI and mHSF2 are quite divergent overall (only 38% identity), they display extensive homology in the DNA-binding and oligomerization domains that are conserved in the heat shock factors of Saccharomyces cerevisiae, Kluyveromyces lactis, Drosophila, tomato, and human. The ability of these two mouse heat shock factors to bind to the heat shock element (HSE) is regulated by heat. mHSFI is expressed in an in vitro translation system in an inactive form that is activated to DNA binding by incubation at temperatures >41~ the same temperatures that activate heat shock factor DNA binding and the stress response in mouse cells in vivo. mHSF2, on the other hand, is expressed in a form that binds DNA constitutively but loses DNA binding by incubation at >41~ Both mHSFI and mHSF2 are encoded by single-copy genes, and neither is transcriptionally regulated by heat shock. However, there is a striking difference in the levels of mHSFI mRNA in different tissues of the mouse.
Cells respond to a rise in temperature above physiological levels by rapidly inducing the expression of heat shock proteins that are thought to protect the cell from the harmful effects of prolonged exposure to elevated temperatures. This induction is mediated by heat shock transcription factor (HSF), which binds to heat shock elements (HSEs) in the promoters of heat shock genes (Amin et al. 1988; Xiao and Lis 1988; Abravaya et al. 1991a) . While the sequence motif to which HSFs in different organisms bind--inverted repeats of the sequence NGAAN--is highly conserved, there are at least two different mechanisms by which organisms control the transcriptional activity of HSF. In the yeast Saccharomyces cerevisiae, for example, HSF exists in nonstressed cells in a form that is already bound to DNA and then undergoes heat shock-dependent phosphorylation concomitant with transcriptional competence (Jakobsen and Pelham 1988; Sorger and Pelham 1988; Sorger 1990 ). In Drosophila and vertebrate cells, however, HSF exists in nonstressed cells in a form that is unable to bind DNA 4Corresponding author.
and is converted to a DNA-binding form by heat shock (Kingston et al. 1987; Sorger et al. 1987; Zimarino and Wu 1987; Mosser et al. 1988) .
Genes encoding HSF have been isolated from the yeasts S. cerevisiae and Kluyveromyces lactis, Drosophila, tomato, and human (Sorger and Pelham 1988; Wiederrecht et al. 1988; Clos et al. 1990; Scharf et al. 1990; Jakobsen and Pelham 1991; Rabindran et al. 1991; Schuetz et al. 1991) . In S. cerevisiae and K. lactis HSF exists as unique single-copy genes, and in Drosophila only one HSF gene has been isolated. In the tomato, however, at least three different HSF genes are expressed, and in human there are at least two distinct HSF genes. We report the cloning of two distinct HSF genes in mouse, mHSF 1 and mHSF2. One has the property of constitutive DNA binding similar to S. cerevisiae and K. lactis, whereas the other shows inducible DNA binding like that present in Drosophila and vertebrate cells. The presence of two different HSFs in one species, one with inducible and the other with constitutive DNA-binding ability, raises interesting questions about the regulation of heat shock gene expression in eukaryotes.
Results

Mouse has two distinct HSFs with conserved DNA-binding and oligomerization domains
We have been studying the mammalian heat shock response and in particular have been interested in the biochemical and functional properties as well as the mechanism of activation of HSF. To facilitate our ability to study the relationship between the structure of HSF and its functional properties, we sought to clone mouse HSF.
To this end, a probe containing a portion of the human HSF1 gene containing the DNA-binding and oligomerization domains was used to screen a mouse liver and WEHI-3 cell line cDNA library. Ten independent clones were isolated and subjected to partial sequence analysis. Of these 10 clones (C1-C9 and C12), the 2 longest (C12 and C9) were chosen for further characterization. Sequencing of substantial portions of the other eight clones indicates that each represents a partial cDNA contained in either the C12 or C9 cDNAs. Clones C12 and C9 were completely sequenced by using an overlapping series of exonuclease III deletion mutants by the Sanger chaintermination method. Hereafter we will refer to C12 as the mHSF1 cDNA and C9 as the mHSF2 cDNA. The nucleotide and predicted amino acid sequences of mHSF1 and mHSF2 are shown in Figures 1 and 2 . The mHSF1 and mHSF2 cDNAs are 1947 and 1972 nucleotides, respectively. Each of the cDNAs contain only one long open reading frame. The open reading frames shown for mHSF1 and mHSF2 code for proteins of 503 and 517 amino acids, with estimated molecular masses of 54,800 and 58,160 daltons, respectively. A comparison of the amino acid homologies between mHSF1 and mHSF2 reveals that although there are regions of extensive homology, the sequences of these two factors are quite divergent (Fig. 3A) . Overall, the identity is only 38% (by the Wisconsin GCG GAP program with default parameters}. mHSF1 and mHSF2 have nearly as much identity with Drosophila HSF (36% and 32%, respectively} as they do with each other. Most of the homology is located in the DNA-binding and oligomerization domains in the amino-terminal half of the proteins. In these domains there is extensive homology with HSFs from S. cerevisiae, K. lactis, Drosophila, tomato, and human. A comparison of the DNA-binding domains of mHSF1 and mHSF2 with the other cloned HSFs is shown in Figure  3B . The homology between mHSF1 and mHSF2 in this region is 79% (83% if conservative substitution is allowed). Analysis of the consensus sequence for this domain shows that although there are well-conserved amino acid positions throughout this region there is a core of extreme homology at the center. This 26-aminoacid sequence {corresponding to S. cerevisiae HSF 213-
). This block of amino acids also contains the sequence similarity noted previously between Drosophila HSF, S. cerevisiae HSF, and the bacterial cr-32 and ~-70 factors (Closet al. 1990 ).
The only other sequences in mHSF1 and mHSF2 that exhibit significant homology with each other and with HSFs from other species are contained in the leucine zipper structural motifs implicated in oligomerization of Drosophila and S. cerevisiae HSF (Sorger and Nelson 1989; Closet al. 1990 ). Figure 3C shows that the oligomerization domains of mHSF1 and mHSF2 exhibit a nearly identical pattern of the three leucine zipper heptad repeats of hydrophobic amino acids with Drosophila HSF (Closet al. 1990) , as well as a fourth newly identified carboxy-terminal leucine zipper motif conserved in Drosophila HSF, human HSF1, and human HSF2 {Closet al. 1990; Rabindran et al. 1991; Schuetz et al. 1991) . In support of the functional importance of each of these leucine zipper motifs in Drosophila HSF, mHSF1, and mHSF2 are the numerous conservative mutations maintaining hydrophobic amino acid residues at required positions in each heptad repeat. The function of the fourth carboxy-terminal leucine zipper is unknown but has been speculated to be involved in formation of the inactive state of HSF under nonshock conditions or as part of a transcriptional activation motif (Rabindran et al. 1991; Schuetz et al. 1991) . Examination of the DNA-binding domains and leucine zipper motifs of mHSF1 and mHSF2, with respect to position in the proteins, shows that their organization is very similar (Fig. 3D) . One interesting aspect of this organization relative to other HSFs is the localization of these two functional domains at the extreme amino terminus of each protein. This appears to be a trend in the evolution of HSF structure. In the HSFs of the yeasts K. lactis and S. cerevisiae there are 195 and 173 amino acids, respectively, from the amino terminus to the beginning of the DNA-binding domain. In Drosophila HSF, this distance has been reduced to 48 amino acids; and in mHSF1 and mHSF2, only 16 and 8 amino acids, respectively, separate the amino-terminal methionine from the DNA-binding domain. In the three tomato HSFs this distance is also quite short, with 30, 22, and 7 amino acids (Scharf et al. 1990 ).
Southern and Northern blot analyses indicate that mHSF1 and mHSF2 are encoded by single-copy genes whose expression is not induced by heat shock
Southem blot analysis of mouse liver genomic DNA cut with EcoRI, PstI, or EcoRI and PstI and probed with oligonucleotides complementary to 5'-untranslated sequences of the mHSF1 and mHSF2 cDNAs (nucleotides 58-97 of mHSF1 cDNA; 105-146 of mHSF2 cDNA) indicates that the genes encoding mHSF1 and mHSF2 are both present as single copies in the mouse genome {Fig. 4). However, this experiment does not rule out the possibility that the mouse genome encodes other members of an HSF gene family that contain coding sequence homologies to mHSF1 or mHSF2.
Northern blot analysis of poly(A) § RNA from control and heat-shocked mouse NIH-3T3 cells indicates that the sizes of the mature mRNAs encoding mHSF1 and mHSF2 are -2000 and 2100 nucleotides, respectively, which is in good agreement with cDNA sizes for mHSF1 and mHSF2 of 1947 and 1972 bp, respectively (Fig. 5A) . Additionally, at least two minor smaller mRNA species appear to be in RNA lanes probed with mHSF2 cDNA, but it is not known whether these species correspond to other members of a related gene family or whether they 
mHSF1 is expressed in an inactive form induced to DNA binding by heat treatment while mHSF2 binds DNA constitutively
To characterize the biochemical and functional properties of these two mHSFs, both mHSF genes were expressed in vitro by using T7 polymerase to make synthetic capped mRNAs, which were translated in a rabbit reticulocyte lysate in vitro translation system. The proteins expressed by in vitro translation of mHSF1 and mHSF2 in the presence of [aSS]methionine are 75 and 72 kD, respectively, on SDS-polyacrylamide gels {Fig. 6). These sizes are substantially larger than the derived molecular masses for mHSF1 and mHSF2 of 54,800 and 58,160 daltons, respectively. Such discrepancies between measured and estimated molecular masses appear to be characteristic of the several HSFs that have been cloned to date and, at least in our system, may result from either post-translational modification, which may occur in our in vitro translation system, or some not-yet-understood anomalous behavior of these proteins in SDS-PAGE gels.
The ability of mHSF1 and mHSF2 to bind the HSE was then examined by gel-shift assay of the in vitro-translated proteins. Figure 7A shows that the DNA-binding ability of these two factors is altered in very different ways by heat treatment. In the case of mHSF1, the protein produced by in vitro translation is unable to bind D N A when it is left on ice or incubated at 3 7~ for 1 hr but acquires DNA-binding ability when it is incubated at 43~ In the case of mHSF2, however, the in vitro-translated protein binds D N A constitutively at 0~ or 37~ for 1 hr but completely loses D N A binding at 43~ These changes in DNA-binding ability, which have been consistently reproducible for both mHSF1 and mHSF2, are not caused by any obvious changes in protein (Fig. 7B) . Although we have not yet been able to measure the native size of the DNAbinding forms of mHSF1 and mHSF2, the nearly equal gel-shift mobility of these factors with HSF extracted from heat-shocked mouse cells suggests that they are also forming large multimers.
Both the activation of DNA binding of mHSF 1 and the (Fig. 8A ). An examination of the temperature profile for activation of mHSF 1 and loss of mHSF2 D N A binding shows an increase in mHSF1 binding with treatment at 39~ an apparent peak at 41~ and sustained binding activity up to 45~ whereas the mHSF2 profile shows substantial loss of constitutive binding at 39~ increasing to near total loss at 41~ and no detectable binding at >43~ (Fig. 8B ). Attempts to recover DNAbinding activity from heat-treated mHSF2 have been unsuccessful so far. It is important to note that the constitutive DNAbinding form of mHSF2 has a very distinct mobility on native gels from that of a constitutive HSE-binding activity (CHBA), which we have observed in extracts of non-heat-shocked HeLa cells and mouse 3T3 cells (Mosser et al. 1988; K.D. Sarge, unpubl.) . In addition, the mHSF2 constitutive activity binds equally well to all HSE oligonucleotides that we have tested, including a h u m a n hsp70 HSE, mouse hsp70 HSE, and the ideal HSE shown in Figure 7A ; whereas the CHBA factor binds to the h u m a n and mouse hsp70 HSEs but does not interact with the idealized HSE (K.D. Sarge, unpubl.) . Therefore, at least in this system and under the conditions that we ale using, neither mHSF 1 nor mHSF2 gives rise to CHBA activity. says and methylation interference analysis. Figure 9A shows that both the in vitro-activated DNA-binding form of mHSF1 (43~ 60 rain) and the constitutively binding mHSF2 are specifically competed from binding to the labeled HSE by a 50-fold molar excess of cold HSE oligonucleotide but not by a 50-fold molar excess of an oligonucleotide containing a CCAAT-binding site. Methylation interference analysis shows that mHSF1, mHSF2, and HSF extracted from heat-shocked NIH-3T3 cells all contact the same G residues in the ideal HSEbinding site (Fig. 9B) , which is depicted in Figure 9C . Identical results have been obtained from several different methylation interference experiments. We have also performed methylation interference analysis with an oligonucleotide containing an HSE from the mouse hsp70 gene promoter (Hunt and Calderwood 1990) ; a s u m m a r y of these results also shows indistinguishable patterns of contact G residues for binding of mHSF1, mHSF2, and HSF from heat-shocked mouse 3T3 cells (Fig. 9C) . This is not surprising in view of the high degree of homology between mHSF1 and mHSF2 in the DNA-binding domain.
mHSF1 and mHSF2 bind the HSE specifically and contact the same G residues as HSF extracted from heat-shocked mouse cells
Variation in amounts of mHSF1 m R N A in different mouse tissues
As a precursor for future studies on the role of mHSF1 and mHSF2 in mouse cells, we were interested to know whether there was any regulation of mHSF1 m R N A levels in different mouse tissues. Northern blot analysis of total RNA extracted from mouse tissues probed with mHSF 1 cDNA shows that there is a surprising variation in the levels of mHSF1 m R N A in various tissues (Fig.  101 . Of the selected tissues shown, ovary has the highest amount of mHSF1 RNA, with slightly less in placenta and heart. Lower levels are observed in testis and fetal brain, and it is undetectable in the uterus and maternal brain. Probing of this blot with a j3-actin c D N A verified that there were equal amounts of RNA in each lane {data not shown}. These large variations are surprising in view of the supposed universal nature of the heat shock response but may reflect different requirements in different tissues for more or less heat shock response capability. We also attempted to examine mHSF2 m R N A levels in these same tissues, but the amounts were below detectable levels in total RNA samples. Figure 9 . Specificity of DNA binding by competition and methylation interference. (A) Aliquots of in vitro-translated mHSF1 (activated at 43~ for 60 mini and mHSF2 were analyzed by gel-shift assay without added competitor {N), with a 50-fold molar excess of unlabeled HSE (S), or with a 50-fold molar excess of a CCAAT-binding site oligonucleotide INS). (B) In vitrotranslated mHSF1 {activated at 43~ for 60 min) and mHSF2 and HSF extracted from heat-shocked mouse 3T3 cells were subjected to methylation interference analysis. The methylation patterns of the fraction of HSE DNA bound to protein {B) or free of protein (F) is shown next to the G residue ladder (L). {C) A summary of the methylation interference results for the ideal HSE and the mouse hsp70 HSE is shown. {Q) Guanine residues that interfered with factor binding. Figure 10 . Variation of mHSF1 mRNA levels in different tissues. Total RNA from tissues of normal adult mice and fetal and maternal brain were subjected to Northem blot analysis by using the full-length mHSF1 cDNA as probe. The size of the mRNA (in kilonucleotides), as determined by comparison with RNA size markers, is indicated at left.
Discussion
Regulation of DNA-binding ability of mHSF1 and mHSF2
In the budding yeasts S. cerevisiae and K. lactis, HSF exists in a form that constitutively binds the heat shock element (Jakobsen and Pelham 1988, 1991) . In most other species studied, including Drosophila, tomato, and vertebrates, HSF only binds to DNA after exposure to heat or other stresses (Kingston et al. 1987; Zimarino and Wu 1987; Scharf et al. 1990 ). This inducible DNA binding is accompanied by oligomerization and may be triggered by protein conformational changes caused by heat or other stress signals (Mosser et al. 1990; Abravaya et al. 1991b) . Of the two mouse HSFs that we have cloned, one has the property of inducible DNA binding while the other binds DNA constitutively. Given the high degree of homology and similar organization of the DNA-binding and oligomerization domains of mHSF 1 and mHSF2, we can postulate two possibilities for the different regulation of DNA-binding ability of these two factors. In the first scenario, the DNA-binding ability of mHSF1, presumably mediated by the ability to oligomerize, is somehow masked and requires some protein conformational changes in one or more domains to be unmasked. The impetus for this conformational change would be provided by heat or other stress signals, mHSF2, on the other hand, could be expressed in a form that is not masked and may immediately oligomerize and bind DNA.
In the second scenario, the DNA-binding ability of mHSF1 may be controlled by the binding of a repressor protein, and the stress signals would activate mHSF 1 by disrupting this interaction. This repressor protein may not be able to bind to mHSF2; hence, it would be free to oligomerize and bind DNA. This model has already been proposed for cloned Drosophila HSF which, like mHSF2, also binds DNA constitutively (Closet al. 1990) . For this second model to be true there would have to be a protein or other molecule in a rabbit reticulocyte lysate that could bind to and repress mouse HSF. Others have already postulated that heat shock proteins, which are well-conserved and might be capable of this kind of cross-species functional interaction, would be logical candidates for HSF repressors; however, as yet, no direct evidence exists to support this hypothesis. Experiments are in progress to determine whether the regulation that we have observed for mHSF1 and mHSF2 DNA binding is specific to expression in reticulocyte lysates or whether it is also observed in other expression systems such as Escherichia coli or mouse cell lines.
The need for multiple HSFs in a single species
Despite the existence of multiple HSF proteins in organisms as widely separated evolutionarily as mammals and plants, it is not known how general this phenomenon may be. The reason for multiple HSFs in these species is unclear, but it raises the possibility that each factor has a different role or function in regulating transcription of Cloning of mouse heat shock factors heat shock genes. Por example, each factor could respond to a different stress signal or set of signals. This could explain the seeming unrelatedness of many of the myriad known inducers of the stress response ).
Another possibility is that one factor could be acting positively and the other acting negatively on heat shock protein expression. However, at least in HeLa cells no repressor-like HSE-binding activity has been observed on the hsp70 promoter in vivo prior to or during attenuation of a heat shock response (Abravaya et al. 1991a ).
Alternatively, it is possible that some species have divided HSF function into separate inducible and constitutively active factors. The inducible activity could respond to stress signals and activate the classical heat shock response, whereas the constitutive activity could be used to turn on heat shock genes in the absence of stress, for example, during specific developmental stages or perhaps in cells that require higher basal levels of heat shock proteins. This possibility is consistent with the observations of developmentally regulated expression of heat shock proteins during mouse embryogenesis and differentiation of the mouse male germ line and the high levels of constitutive HSE-binding activity in unstressed embryonal carcinoma cells (Barnier et al. 1987; Zakeri and Wolgemuth 1987; Mezger et al. 1989 ). Thus, the need for both an inducible and constitutive HSF may simply be a requirement of the need for heat shock proteins not only in the stress response but also in many aspects of normal cell development and function.
The presence of multiple HSFs in a single species raises one more very interesting question. Are HSF multimers composed only of identical HSF subunits (homomultimers) or can they contain a mixture of different HSF subunits (heteromultimers)? Given the high degree of homology between the oligomerization domains of mHSF1 and mHSF2 it seems likely that they could potentially co-oligomerize. However, although our Northern analysis shows that both mHSF1 and mHSF2 mRNAs are expressed (at least in mouse 3T3 cells), we do not know whether both proteins exist in the same cell. If heteromultimers do form, regulation of the relative stoichiometry of HSF subunits could modulate the function of the HSF complex. This might provide different cells with the ability to fine-tune the function of HSF to suit their individual needs.
Materials and methods
Library screening and sequencing
A mouse liver cDNA library purchased from Clontech [oligo(dT)-and random-primed] and a mouse WEHI-3 cell line eDNA library [oligo(dT)-primed] (a generous gift of Silvana Obici) were screened by hybridization with a 468-nucleotide sequence corresponding to a portion of hHSF1 sequence generated by PCR with degenerate oligonucleotide primers based on conserved S. cerevisiae and Drosophila HSF sequences and subcloned into pGEM1. Greater than 2 x 106 PFU was screened from the Clontech mouse liver eDNA library and 1 x l0 6 PFU from the WEHI-3 cDNA library. Nine independent cDNA clones (C1-C9) were obtained from the Clontech library, and one was obtained from the WEHI-3 library (C12). Two of these, C12 and C9, appeared to be full-length and were chosen for further analysis 9 The eDNA inserts were subcloned into the EcoRI site of pGEM1.
A series of deletion mutants of C12 and C9 were prepared by exonuclease III digestion by standard protocols (Sambrook et al. 1989) , and overlapping sets of mutants were sequenced by the Sanger chain-termination method 9
Southern and Northern hybridization analysis
For Southern blot analysis, 40 ~g of mouse liver genomic DNA was digested with EcoRI, PstI, or both EcoRI and PstI and electrophoresed on a 0.7% agarose gel in 0.5x TBE (45 mM Trisborate, 1 mM EDTA) and blotted onto nitrocellulose by using standard protocols (Sambrook et al. 1989) . The blots were hybridized with either a 40-or 42-mer oligonucleotide complementary to nucleotides 58-97 or 105-146 in the 5'-untranslated regions of the mHSF1 or mHSF2 cDNAs, respectively. The blots were washed to final conditions of 57~ 1 x SSC, 0.1% SDS.
For Northern blot analysis, 3 ~g of poly(A) + RNA isolated from control (37~ and heat-shocked (43~ 1 hr) NIH-3T3 cells was separated on a 1% agarose gel containing formaldehyde and blotted onto nitrocellulose by using standard protocols (Sambrook et al. 1989) . The blots were hybridized with primer-labeled C12 (mHSF1) or C9 (mHSF2) cDNAs and washed to final conditions of 68~ 0.2x SSC. The blots were subsequently stripped and reprobed with a human [3-actin probe to verify equal amounts of mRNA in each lane and also reprobed with a human hsp70 probe to confirm heat shock induction. For Northern analysis of RNAs from tissues, 30 ~.g of total RNA was loaded in each lane and probed with mHSF 1 eDNA as described above 9 The blot was probed for actin mRNA to verify equal loading of mRNA in each lane.
In vitro translation
Full-length capped synthetic RNA was made from the cDNAs for mHSF1 (C12) and mHSF2 (C9) by T7 RNA polymerase transcription of template linearized by Sinai digestion. Reactions contained 40 mM Tris-HC1 (pH 7.5); 6 mM MgCI2, 2 rnM spermidine; 10 mM NaC1; 10 mM dithiothreitol; 0.5 mM nucleotides A, C, and U, and 0.05 mM nucleotide G; 0.5 mM ZmGpppG cap analog; 40 units of RNasin; 2 ~g of linearized template; and 50 units of T7 RNA polymerase. Reactions were incubated at 37~ for 2 hr and, after digestion, by 10 units of RNase-free DNase at 37~ for 20 min; the transcribed RNA was extracted with phenol-chloroform and precipitated with ethanol. The RNA was collected by centrifugation, washed with 70% ethanol, airdried, and resuspended in water at a concentration of 1 ~g/~l. Synthetic capped mHSF 1 and mHSF2 RNAs were translated in a rabbit reticulocyte lysate in vitro translation system (Promega). Each 20-~1 reaction contained 15 ~1 of lysate, 25 ~M amino acids, 10 units of RNasin, and 2 ~g of RNA, at 30~ for 2 hr. Translations incorporating labeled methionine contained 20 ~Ci of [aSS]methionine (800 Ci/mmole} in place of the unlabeled amino acid.
[ass]Methionine-incorporated proteins were analyzed on SDS-polyacrylamide gels followed by fluorography.
Gel-shift assay and methylation interference analysis
In vitro-translated mHSF1 and mHSF2 and extracts from control and heat-shocked NIH-3T3 cells were assayed by gel shift as described previously (Mosser et al. 1990 ) with a self-complementary ideal HSE oligonucleotide (5'-CTAGAAGCTTCTA-GAAGCTTCTAG-3'), which contains four perfect inverted NGAAN repeats when annealed. Competition gel-shift analysis was performed as described previously (Mosser et al. 19901 .
Binding of in vitro-translated mHSF 1 and mHSF2 to both the ideal HSE oligonucleotide described above and a mouse HSE oligonucleotide (top strand; 5'-CACCAGACGCGAAACTGC-TGGAAGATTCCTGGCCCCAA-3'), based on the mouse hsp70 gene promoter {Hunt and Calderwood 1990), was examined by methylation interference analysis as described previously {Mosser et al. 1988) either as translated (mHSF21 or after in vitro activation at 43~ for 1 hr (mHSFI).
